PDB Reference: green turtle egg-white ribonuclease, 2zpo.
Marine green turtle (Chelonia mydas) egg-white ribonuclease (GTRNase) was crystallized from 1.1 M ammonium sulfate pH 5.5 and 30% glycerol using the sitting-drop vapour-diffusion method. The structure of GTRNase has been solved at 1.60 Å resolution by the molecular-replacement technique using a model based on the structure of RNase 5 (murine angiogenin) from Mus musculus (46% identity). The crystal belonged to the monoclinic space group C2, with unit-cell parameters a = 86.271, b = 34.174, c = 39.738 Å , = 90, = 102, = 90 . GTRNase consists of three helices and seven -strands and displays the + folding topology typical of a member of the RNase A superfamily. Superposition of the C coordinates of GTRNase and RNase A superfamily members indicates that the overall structure is highly similar to that of angiogenin or RNase 5 from M. musculus (PDB code 2bwl) and RNase A from Bos taurus (PDB code 2blz), with root-mean-square deviations of 3.9 and 2.0 Å , respectively. The catalytic residues are conserved with respect to the RNase A superfamily. The three disulfide bridges observed in the reptilian enzymes are conserved in GTRNase, while one further disulfide bond is required for the structural stability of mammalian RNases. GTRNase is expressed in egg white and the fact that its sequence has the highest similarity to that of snapping turtle pancreatic RNase suggests that the GTRNase secreted from oviduct cells to form egg white is probably the product of the same gene as activated in pancreatic cells.
Introduction
Bovine pancreatic ribonuclease A (RNase A; EC 3.1.27.5) is one of the most extensively investigated proteins. It was the subject of many pioneering studies in protein chemistry and enzymology involving chemical modification, refolding, amino-acid sequence determination, limited proteolysis, X-ray crystallography and peptide synthesis, among others. It continues to be the focus of considerable attention and a vast quantity of kinetic, mechanistic, thermodynamic and structural information has now been reported (for reviews, see Richards & Wyckoff, 1971; Blackburn & Moore, 1982; Eftink & Biltonen, 1987; Raines, 1998) .
The RNase A superfamily is a group of homologous proteins that are present in considerable quantities in the pancreas of a number of mammalian taxa and a few reptiles (Barnard, 1969; Beintema et al., 1973) . An extensive study has been conducted on the molecular evolution of pancreatic RNases in many mammalian species (Beintema & Lenstra, 1982) , but did not include those of reptiles. However, reasonable quantities of reptile RNases have only been found in turtle (Barnard, 1969) and iguana pancreas (Beintema et al., 1988) .
In reptiles, RNase is present in pancreatic tissue and also in eggs. There is a high accumulation of an RNase with a distinct catalytic activity in the egg white of the marine green turtle (Chelonia mydas). This green turtle egg-white RNase (GTRNase) was first purified and sequenced by our group (Katekaew et al., 2006) . Two isoforms of the enzyme, both composed of 119 residues, have been analyzed and have almost identical molecular weights (13 kDa) and catalytic activities. There is only one amino-acid difference between the two isoforms (Ser37 and Leu37). Multiple sequence alignment of GTRNase and related RNase enzymes indicates that GTRNase is very similar to pancreatic RNase from snapping turtle (Chelydra serpentine). The amino-acid residues involved in the active site are conserved, including His11, Lys41 and His114 (Fig. 1) , suggesting that GTRNase belongs to the RNase A superfamily (Katekaew et al., 2006) .
The GTRNase is specific for poly-(C) and, with a lower rate, degraded poly-(U). The effects of pH and temperature on RNase activity against poly-(C) are similar to those on RNase A. However, GTRNase is unlike RNase A in its optimum pH, broad range of optimum temperature and pH stability. The differences found in catalytic activity might be explained by changes in the structure (Katekaew et al., 2007) . The structure of GTRNase has not yet been characterized, although a model of GTRNase (MD-GTRNase) has been created based on RNase 5 from Mus musculus to evaluate the enzymatic properties of GTRNase (Katekaew et al., 2007) .
To obtain structural information on GTRNase, we crystallized GTRNase and collected X-ray data. The molecular-replacement method was used to solve the structure, with MD-GTRNase as a search model. In this study, the crystal structure of GTRNase, a newly found RNase from egg white, is described and structural comparisons based on the active sites of GTRNase and RNases are discussed.
Materials and methods
A sample of GTRNase was prepared using methods that have been described previously (Katekaew et al., 2006) . All reagents and chemicals were of analytical grade and commercially available.
Crystallization, data collection and processing
Crystallization trials of GTRNase were performed using the sitting-drop vapour-diffusion method at 293 K with the Crystal Screen I (Hampton Research) crystallization screening kit. Individual crystallization drops containing equal volumes (3 ml) of reservoir solution and 20 mg ml À1 GTRNase solution were suspended over 0.5 ml reservoir solution. GTRNase crystals that were suitable for X-ray diffraction were grown in 1.1 M ammonium sulfate pH 5.5 and 30% glycerol within one week. The concentration of GTRNase was estimated using the extinction coefficient of RNase A at A 280 (E 1% = 7 ml mg À1 cm À1 ; Pace et al., 1995) . The crystal was cryopro- Alignment of the amino-acid sequences of GTRNase, RNase 5 (angiogenin; 2bwl, chain A) and RNase A (2blz, chain A). The -helices and -strands of GTRNase are displayed as rods and arrows, respectively. The topologically equivalent secondary-structure elements are boxed (-helices) and underlined (-strands). The upper numbers correspond to GTRNase and the lower numbers correspond to RNase A. 
jF obs j À jF calc j = P hkl jF obs j, where F obs and F calc are observed and calculated structure-factor amplitudes, respectively. § The R free value was calculated from 5% of all data that were not used in refinement.
tected using crystallization solution and flash-frozen. X-ray data were collected in a nitrogen stream using a MAR CCD detector on BL38B1 at SPring-8. The crystal diffracted X-rays to beyond 1.60 Å resolution. Analysis of the diffraction data using the HKL-2000 package (Otwinowski & Minor, 1997) indicated that the crystal belonged to the monoclinic space group C2, with unit-cell parameters a = 86.271, b = 34.174, c = 39.738 Å , = 90, = 102, = 90
. A total of 14 099 unique reflections were processed with 97.9% completeness. The relative molecular volume, V M , was 2.21 Å 3 Da À1 and was consistent with the presence of one molecule of protein in the asymmetric unit and a solvent content of 44%.
Structure determination and refinement
The crystal structure of GTRNase was solved by the molecularreplacement method. RNase 5 from Mus musculus (PDB code 2bwl; Holloway et al., 2005) was used as a model to provide an initial solution using MOLREP (Vagin & Teplyakov, 1997) . Crystallographic refinement and structure building were performed using REFMAC5 (Murshudov et al., 1997) and Coot (Emsley & Cowtan, 2004) . PROCHECK (Laskowski et al., 1993) was used to evaluate the stereochemistry of the crystal structure. The X-ray diffraction datacollection and refinement statistics are summarized in Table 1 . The atomic coordinates of the GTRNase from Chelonia mydas as determined in this study have been deposited in the RSCB Protein Data Bank as entry 2zpo. The superposition of GTRNase (2zpo) with RNase 5 from M. musculus (PDB code 2bwl) and RNase A from Bos taurus (PDB code 2blz; Nanao et al., 2005) was created by SUPER-POSE from the CCP4 suite (Collaborative Computational Project, Number 4, 1994). Structural figures were produced using PyMOL (DeLano, 2002). Multiple sequence alignment was performed using ClustalW (Larkin et al., 2007) .
Results and discussion

Overall structure
The GTRNase crystal structure in space group C2 was solved at 1.60 Å resolution. After refinement, the R and R free values were 18.3% and 24.7%, respectively. The structure displays an +-type polypeptide chain that folds into a V-shape with the active-site cleft in the middle. The catalytic residues that are involved in the active site, including His11, Lys41 and His114, are conserved as highlighted in Fig. 2(a) . Five sulfate ions and seven glycerol molecules were found in the structure; one of the sulfate ions is bound in the active site. Three disulfide bridges have been identified (Cys26-Cys81, Cys40-Cys92 and Cys58-Cys107).
The overall structure encompasses three -helices (1-3) in the N-terminal part, seven -strands (1-7) and nine linking loops (L1-L9). The first -strand is packed between helices 2 and 3 and the others are after helix 3. The V-shape of the structure is formed by a sharp turn in the orientation of two groups of -strands. One side of the V-shape is composed of 1, 4 and 5, where 4 is located antiparallel to the other strands. The other side consists of the anti- Coordination of a sulfate ion at the active site of GTRNase A. Tyr115 forms a hydrogen bond to the sulfate using the main-chain carbonyl group. Magenta dotted lines represent donor-acceptor interactions; bond distances are indicated.
parallel strands 2/3 and 6/7. The side chains of Lys6, His11, Lys41 and His114 are conserved in the active site compared with the known structures of angiogenin and RNase A. Fig. 3 shows the coordination of a sulfate ion in the active site of GTRNase. The sulfate participates in hydrogen bonds to the N atoms of Lys6 and His11 from 1, Lys41 from L2 and His114 from 7 (Fig. 2a) . The average B factor of the bound sulfate ion of 31.8 Å 2 is higher than the mean B value of the overall structure of 22.4 Å 2 , suggesting that the sulfate is not a tight-binding ligand. However, four further sulfate ions and seven glycerol molecules are bound on the molecular surface, suggesting that they may play a crucial role in molecular packing during the protein crystallization process.
Structural comparison of GTRNase with angiogenin and RNase A
The GTRNase structure displays the fold common to all RNases, including angiogenin or RNase 5 from M. musculus (PDB code 2bwl; Holloway et al., 2005) and RNase A from B. taurus (PDB code 2blz; Nanao et al., 2005) . Superposition of the C atoms of GTRNase on those of the other two structures results in root-mean-square (r.m.s.) deviations of 3.9 and 2.0 Å , respectively. The catalytic site architectures of the three enzymes are highly similar. Although His113 of the angiogenin structure has two conformations, one of them is placed in the same orientation as His114 of the GTRNase.
There are two amino-acid deletion sites in GTRNase (in L5 and L9) and angiogenin compared with RNase A. The superposition of GTRNase and RNase A shown in Fig. 2(b) shows the locations of the two shorter loops (L5 and L9). L5 is a linking loop between 2 and 3. 7 contains the catalytic residue His114 and connects to 6 using a shorter loop L9. However, superposition of the C positions of GTRNase, angiogenin and RNase A shows a small difference between His114 of GTRNase and His119 of RNase A compared with one of the conformations of His113 in angiogenin (Fig. 4) .
The structure of GTRNase is stabilized by three disulfide bonds: Cys26-Cys81 bridges helix 2 and strand 4, Cys40-Cys92 connects loops L2 and L7 and Cys58-Cys107 links loop L4 and strand 6. A disulfide bridge (Cys65-Cys72) that is conserved in mammalian RNases is absent in GTRNase. In GTRNase this site is replaced by Ala65 and Leu72 on L5 and is continued by 3 (Fig. 2b) . These residues are not close to the active site; the nearest catalytic residue is His114 in 7. However, in mammalian RNase A the additional disulfide bond is likely to contribute to the proper alignment of residues (such as Lys41 and Lys66) that are necessary for the catalytic efficiency of the RNA cleavage (Klink et al., 2000) . In addition, the average B factor of the catalytic residue His114 of GTRNase is 18.6 Å 2 , compared with the relative average B factor of the structure of 22.4 Å 2 , suggesting that His114 is fixed in this position and that the lack of a disulfide bond does not affect the GTRNase active-site architecture. The minor differences in activity between GTRNase and RNase A may be caused by changes in the micro-environment owing to the deletion and substitution of residues (Katekaew et al., 2007) . These properties might be expected to be similar in all reptile and related RNases which display high similarity in sequence and by implication in structure to GTRNase.
The GTRNase structure has been observed to be homologous to those of enzymes of the RNase superfamily and its sequence has the highest identity to snapping turtle pancreatic RNase (84%; Katekaew et al., 2006) . The structural features that GTRNase, snapping turtle RNase and angiogenin have in common are deletions in the external loops near residues 69 and 115 and the absence of the disulfide bond linking residues 65 and 72. The differences between angiogenin, RNase A and turtle RNases indicate that a gene duplication leading to separate genes for RNase and angiogenin may have occurred around 300 million years ago when reptiles and mammals diverged. Turtle RNase has possibly diverged from the ancestral sequence somewhat less than other members of the RNase A superfamily (Beintema et al., 1986) .
GTRNase is expressed in egg white; however, the sequence was found to have the highest idenitity to snapping turtle pancreatic RNase, suggesting that the RNase secreted from oviduct cells to form egg white is probably the product of the same gene as activated in pancreatic cells.
